Introduction
============

Diabetic nephropathy (DN) has become the major cause of end-stage renal disease increasing the mortality risk of diabetes ([@b1-etm-0-0-7495]). Renal tubulointerstitial fibrosis can occur in the early stage of DN leading to deterioration of renal function ([@b2-etm-0-0-7495],[@b3-etm-0-0-7495]). Previous studies determined that the lesions of DN were mainly glomerulosclerosis, with recent studies confirming that diabetic renal injury also occurs in the renal tubules ([@b4-etm-0-0-7495]). Under pathological conditions, damaged renal tubular epithelial cells could actively participate in the progression of renal interstitial fibrosis ([@b5-etm-0-0-7495]). Research has demonstrated that the oxidative damage and apoptosis of renal tubular cells is present in the early stage of DN ([@b6-etm-0-0-7495]). Hyperglycemia could increase apoptosis of renal tubular epithelial cells and contribute to tubular injury in DN ([@b7-etm-0-0-7495]). It was suggested that reactive oxygen species (ROS) could induce apoptosis of renal tubular epithelial cells ([@b8-etm-0-0-7495]). A previous study reported that inhibition of ROS production and apoptotic response could protect against hyperglycemia-induced tubular injury ([@b9-etm-0-0-7495]).

Liver-type fatty acid-binding protein (L-FABP), abundantly found in both the normal and diseased kidney, has been observed in the convoluted and straight portion of the proximal tubules ([@b10-etm-0-0-7495]). It has been reported that L-FABP is secreted from proximal tubules during oxidative stress or ischemia events ([@b11-etm-0-0-7495]). L-FABP has an important role in kidney injury and repair, and the expression of L-FABP predicts the occurrence and severity of various kidney diseases ([@b12-etm-0-0-7495],[@b13-etm-0-0-7495]). L-FABP is considered to be a biomarker for predicting the prognosis of kidney diseases ([@b14-etm-0-0-7495]).

Astragaloside IV (AS-IV; chemical structure in [Fig. 1A](#f1-etm-0-0-7495){ref-type="fig"}), the main active component of the traditional Chinese medicinal plant *Astragalus membranaceus*, has been widely used for the treatment of many diseases, including cardiovascular disease, hepatitis and diabetes ([@b15-etm-0-0-7495],[@b16-etm-0-0-7495]). Recent studies have demonstrated that AS-IV alleviated lipopolysaccharide-induced acute kidney injury via downregulating cytokines, C-C motif chemokine receptor type 5 and phosphorylated extracellular signal-regulated kinase, and elevating anti-oxidative ability ([@b17-etm-0-0-7495]). In addition, AS-IV suppressed transforming growth factor-β1-induced fibrosis of cultured mouse renal fibroblasts via inhibition of the mitogen-activated protein kinase and nuclear factor (NF)-κB signaling pathways ([@b18-etm-0-0-7495],[@b19-etm-0-0-7495]). However, the role and mechanisms by which AS-IV ameliorates high glucose-induced HK-2 cell apoptosis and oxidative stress remain largely unknown. In the present study, the effect of AS-IV on high glucose-induced HK-2 cell apoptosis and oxidative stress was investigated. Findings may provide sufficient evidence that AS-IV has potential as a therapeutic for the treatment of DN.

Materials and methods
=====================

### Cell culture

The human proximal tubular cell line HK-2 was purchased from the American Type Culture Collection (Manassas, VA, USA). HK-2 cells were cultured in Dulbecco\'s modified Eagle\'s media (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)/F-12 supplemented with 10% fetal bovine serum (Gibco) and 100 u/ml penicillin and 100 mg/ml streptomycin (Gibco), under standard conditions (37°C, 5% CO~2~).

### Trypan blue staining

Cells were cultured in 6-well plates for 24 h then treated with 30 mmol/l glucose and different doses of AS-IV (ChromaDex, Inc., Irvine, CA, USA; 10, 20, 40, 60, 80 and 100 mM) for 48 h. Trypan blue solution (0.4%) was added to cell suspension. After incubation for 3 min, live cells and dead cells were counted.

### Cell Counting Kit-8 assay

Cell counting kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology, Shanghai, China) was performed to detect HK-2 viability. Briefly, HK-2 cells were seeded into 96-well plates (Costar; Corning Incorporated, NY, USA) and exposed to 30 mmol/l glucose and different doses of AS-IV. Following treatment, 10 µl of CCK-8 solution was added into each well for 1 h at 37°C. The absorbance at 450 nm was recorded using a micro-plate reader (Bio-Tek Instruments, Inc., Winooski, VT, USA).

### Cell apoptosis assay

Cell apoptosis was detected using a terminal deoxynucleotidyl transferase 2′-deoxyuridine-5′-triphosphate nick-end labelling (TUNEL) assay (Millipore; Merck KGaA, Darmstadt, Germany). Cells were washed with PBS and cells were fixed with 1% paraformaldehyde. TUNEL reagents were used to stain the apoptotic cells. Optical microscopy (Olympus Corp., Tokyo, Japan) was used to analyze samples (magnification, ×200).

In addition, cell apoptosis was tested with flow cytometry using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Beyotime Institute of Biotechnology). Cells were washed with PBS and then treated with different concentrations of AS-IV for 48 h. Then 10 µl of Annexin V-FITC and 5 µl of propidium iodide were added to each sample well for 15 min at RT in the dark. Samples were diluted with 300 µl binding buffer then filtered through 300 µm mesh cell filters. The apoptotic rate was measured using flow cytometry (Becton-Dickinson and Company; BD Biosciences, Franklin Lakes, NJ, USA).

### Western blot analysis

After the appropriate treatment, cells were subjected to the extraction of nuclear and cytoplasmic proteins. In brief, 250 µl extraction buffer (10 mmol/l Tris-HCL, 10 mmol/l KCl, 5 mmol/l MgCl~2~, pH 7.6) was added to cells. Then 0.6% Triton X-100 was added to disrupt cell membranes. A total of 250 µl Nuclear Isolation Buffer (10 mmol/l Tris-HCL, 10 mmol/l KCl, 5 mmol/l MgCl~2~, 0.35 mol/l sucrose) was added then density gradient centrifugation was conducted for 10 min. The supernatant (cytoplasmic proteins) was transferred to another centrifuge tube and four volumes of pre-chilled acetone were added at −20°C and incubated overnight. The supernatant was centrifuged at 4°C and 12,000 × g for 30 min. Following centrifugation, protein concentrations were determined using a BCA protein kit (Thermo Fisher Scientific Inc.). Samples with equal amounts of protein (25 µg) were then separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes. Membranes were blocked with 5% non-fat milk for 1 h, then incubated with 1:1,000 dilutions (v/v) of the primary antibodies overnight at 4°C. Primary antibodies were purchased from Cell Signaling Technology, Inc. and included antibodies against caspase-3 (cat. no. 9662; 1:1,000 dilution), caspase-9 (cat. no. 9508; 1:1,000 dilution), B cell lymphoma 2 (Bcl-2)-associated X protein (Bax) (cat. no. 2774; 1:1,000 dilution), Bcl-2 (cat. no. 2772; 1:1,000 dilution), L-FABP (cat. no. 13368; 1:1,000 dilution) and GAPDH (cat. no. 8884; 1:2,000 dilution). Subsequently, membranes were exposed to goat anti-mouse horseradish peroxidase-labeled secondary antibody (cat. no. 7076; 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) and incubated for 1 h at 25°C with an enhanced chemiluminescence reagent system (Thermo Fisher Scientific, Inc.). GAPDH was used as the loading control. The protein bands were analyzed using ImageJ software (version 1.46; National Institutes of Health, Bethesda, MD, USA).

### Measurement of antioxidant enzyme activities

Enzymatic activities of SOD, GSH-Px, CAT and LPO were measured with corresponding detection kits according to the manufacturer\'s protocol (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

### Dichlorofluorescein diacetate (DCFH-DA) assay

DCFH-DA assay was conducted to detect ROS levels. Cells were cultivated at 6×10^4^ per well in 24-well plates. Subsequently, cells were stained with 20 µM of DCFH-DA (Sigma-Aldrich; Merck KGaA) in the dark for 1 h. Then fluorescence intensity was detected by fluorescence spectrophotometry with an excitation and emission wavelength of 485 and 530 nm.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells with TRIzol reagent (Invitrogen) according to the manufacturer\'s protocol. After that, complementary DNA was synthesized by Prime Script RT kit (Takara Bio, Inc., Otsu, Japan). The relative mRNA expression was quantified using an ABI 7500 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the SYBR Green PCR kit (Takara Bio, Inc.). The following primer pairs were used for the qPCR: Nrf2 forward, 5′-GGTATTTGACTTCAGTCAA-3′ and reverse, 5′-GGCTGAGACTAGTACAGTT-3′; HO-1 forward, 5′-CGTAAATGACTTCAGTCAA-3′ and reverse, 5′-CGCAGAGACTAGTACAGTT-3′; Keap1 forward, 5′-GGTACCTGACTCCAGTCAG-3′ and reverse, 5′-TGTTGAGACTAGTACAGTT-3′; NQO1 forward, 5′-TAATTATTTGACTTCAGTCGC-3′ and reverse, 5′-CCCTGAGACTAGTACAGCG-3′; U6 forward, 5′-CGTATTTGACTTCAGTCGT-3′ and reverse, 5′-CTCCTGAGACTAGTACATG-3′. The PCR program was as follows: 95°C for 3 min followed by 40 cycles of 95°C for 10 sec, 60°C for 30 sec and 72°C for 3 min. All fold changes were calculated using the comparative Cq (ΔΔCq) method using U6 for normalization. The mRNA levels were normalized to the housekeeping gene U6 using the 2^−ΔΔCq^ method ([@b20-etm-0-0-7495]).

### Statistical analysis

GraphPad Prism (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA) was used to conduct all statistical analysis. All measurements were performed in triplicate. Data are presented as the mean ± standard deviation. Statistical differences between the means of multiple groups were analyzed by the one-way analysis of variance followed by a Bonferroni post-hoc analysis. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cytotoxic effect of AS-IV on HK-2 cells

A trypan blue dye test was conducted to determine cells cytotoxicity of AS-IV on HK-2 cells. Results demonstrated that HK-2 cell cytotoxicity after treatment with AS-IV for 24 h was not significantly changed at concentrations ranging from 10 to 40 µM compared with the control ([Fig. 1B](#f1-etm-0-0-7495){ref-type="fig"}). Based on the results of the trypan blue dye test, 10, 20 and 40 µM AS-IV were selected as the experimental concentrations for subsequent experiments.

### Effect of AS-IV on viability of HK-2 cells induced with high glucose

CCK-8 assay was conducted to investigate the effect of AS-IV on high glucose-induced HK-2 cell viability. High glucose significantly inhibited cell viability. Conversely, 10, 20 and 40 µM of AS-IV significantly enhanced cell viability when compared with the high glucose group ([Fig. 1C](#f1-etm-0-0-7495){ref-type="fig"}).

### Effect of AS-IV on HK-2 cell apoptosis induced by high glucose

The effect of AS-IV on HK-2 cell apoptosis induced by high glucose was determined by TUNEL assay and flow cytometry. TUNEL assay demonstrated that high glucose significantly increased HK-2 cell apoptosis compared with the control. However, AS-IV remarkably suppressed this effect in a dose-dependent manner ([Fig. 2A](#f2-etm-0-0-7495){ref-type="fig"}). In addition, flow cytometry analysis indicated that the proportion of apoptotic cells (Q2 + Q3) in the control group and in the high glucose group were 5.80±0.47 and 24.67±1.45%, respectively. AS-IV remarkably reduced cell apoptosis induced by high glucose, and the proportion of apoptotic cells (Q2+Q3) were 18.67±0.88, 14.00±0.58 and 9.67±0.33% in HK-2 cells treated with 10, 20 and 40 µM of AS-IV respectively ([Fig. 2B](#f2-etm-0-0-7495){ref-type="fig"}). The expression of apoptosis-related proteins including Cleaved-Caspase-3, Cleaved-Caspase-9, BCL2-associated X protein (Bax) and Bcl-2, were determined by western blot analysis. Results demonstrated that high glucose significantly promoted the expressions of Bax, Cleaved Caspase-3 and Cleaved Caspase-9 and inhibited the expression of Bcl-2, whilst AS-IV treatment notably ameliorated these effects ([Fig. 2C](#f2-etm-0-0-7495){ref-type="fig"}).

### Effect of AS-IV on activities of antioxidant enzymes and ROS production of HK-2 cells induced with high glucose

The activities of antioxidant enzymes SOD, GSH-Px and CAT were evaluated. Results indicated that high glucose notably decreased the activities of SOD, GSH-Px and CAT compared with the control. Treatment with AS-IV (10, 20 and 40 µM) significantly increased antioxidant activity ([Fig. 3A](#f3-etm-0-0-7495){ref-type="fig"}). The activity of LPO, an indicator of lipid peroxidation, was significantly increased in HK-2 cells induced with high glucose compared with the control whilst AS-IV decreased this activity in a dose-dependent manner ([Fig. 3B](#f3-etm-0-0-7495){ref-type="fig"}).

DCFH-DA assay was used to analyze ROS production of HK-2 cells. The results indicated that high glucose significantly increased ROS production whilst AS-IV significantly decreased this production ([Fig. 3C](#f3-etm-0-0-7495){ref-type="fig"}). In addition, flow cytometry results revealed that AS-IV notably decreased ROS production by HK-2 cells induced with high glucose in a dose-dependent manner ([Fig. 3D](#f3-etm-0-0-7495){ref-type="fig"}).

### Effect of AS-IV on the Nrf2/ARE signaling pathway of HK-2 cells induced with high glucose

It is well recognized that the nuclear factor erythroid 2 like 2 (Nrf2)/antioxidant response element (ARE) signaling pathway has an important role in regulating oxidative stress. RT-qPCR and western blot analysis were conducted to assess the activity of the Nrf2/ARE pathway. The results demonstrated that high glucose drastically decreased the Nrf2 nuclear expression whilst AS-IV notably increased this expression ([Fig. 4A](#f4-etm-0-0-7495){ref-type="fig"}). In addition, the Nrf2 cytosolic expression was increased by high glucose and was significantly downregulated in the AS-IV-treatment group ([Fig. 4A](#f4-etm-0-0-7495){ref-type="fig"}).

RT-qPCR was performed to evaluate the mRNA expression of Nrf2 and its target genes heme oxygenase 1 (HO-1), kelch like ECH associated protein 1 (Keap1) and NAD(P)H quinone dehydrogenase 1 (NQO1). The results demonstrated that high glucose significantly inhibited the mRNA expression of Nrf2 and its target genes, HO-1, Keap1 and NQO1, compared with the control group. However, AS-IV notably ameliorated this effect in a dose dependent manner ([Fig. 4B](#f4-etm-0-0-7495){ref-type="fig"}).

### Effect of AS-IV on the expression of L-FABP by HK-2 cells induced with high glucose

L-FABP, a promising biomarker of kidney diseases, could attenuate renal injury ([@b21-etm-0-0-7495]). Studies have identified that LABP is the downstream gene of the Nrf2/ARE signaling pathway ([@b22-etm-0-0-7495]). Western blot analysis results demonstrated that high glucose significantly promoted the protein level of L-FABP, whilst AS-IV treatment markedly reversed this effect ([Fig. 5](#f5-etm-0-0-7495){ref-type="fig"}).

Discussion
==========

DN is one of the most serious and common complications of diabetes eventually leading to chronic renal failure. It is one of the important reasons for the deformity and death of diabetic patients. However, the pathogenesis of DN has not been elucidated to date ([@b23-etm-0-0-7495]). In recent years, numerous studies have demonstrated that oxidative stress has an important role in the occurrence of DN ([@b24-etm-0-0-7495]). Hyperglycemia, a starting factor of diabetic complications, leads to a large increase in production of ROS ([@b25-etm-0-0-7495]). The oxidation of non-enzyme glycosylated proteins and glucose has been demonstrated to increase the level of oxidative stress and eventually lead to renal cell damage. Stimulation with high glucose is one of the initiating factors in the development of DN ([@b26-etm-0-0-7495]). High glucose also induces oxidative stress and produces ROS. ROS not only directly attacks lipid, protein and DNA but also causes renal damage and serves as the upstream signal molecule of the high glucose-induced signaling pathway ([@b27-etm-0-0-7495]). The present study determined that high glucose treatment significantly promoted HK-2 cell apoptosis, decreased HK-2 cell viability, inhibited the activities of antioxidant enzymes and promoted the production of ROS. However, AS-IV, the main active component of the traditional Chinese medicinal plant *Astragalus membranaceus*, significantly ameliorated these effects. AS-IV notably decreased high glucose-induced HK-2 cell apoptosis and increased cell viability, promoted the activities of antioxidant enzymes, and reduced ROS production

The Nrf2/Keap1 pathway is one of the most important endogenous protective mechanisms in response to oxidative stress and has become a drug target for the treatment of cancer, neuropathy, pulmonary fibrosis, diabetes and its complications ([@b28-etm-0-0-7495]). In response to ROS damage, the body has a complex endogenous oxidative stress response system that can produce a series of protective proteins to alleviate the damage. This defense mechanism can be mediated by a specific DNA-promoter binding sequence, ARE, which can initiate the expression of many downstream antioxidant enzymes. Recent studies have demonstrated that Nrf2 factor is the activator of this sequence ([@b29-etm-0-0-7495]). Under normal conditions, the expression of Nrf2 in cells is downregulated, and mainly relies on ubiquitination of Keapl and degradation of proteasomes in cytoplasm. When activated, for example by ROS, Nrf2 enters the nucleus and combines with the ARE sequence to activate the transcription of a variety of antioxidant genes to protect the cells against excessive ROS stimulation ([@b30-etm-0-0-7495],[@b31-etm-0-0-7495]). The Nrf2/ARE pathway has recently been identified as the most important endogenous antioxidant stress pathway, and can activate a variety of downstream protective genes, such as HO-1, the main antioxidant system SOD, glutathione system enzyme GPx, GST and quinone oxidoreductase NQO1 ([@b32-etm-0-0-7495]). Studies have demonstrated that activation of the Nrf2/ARE pathway could induce antioxidant enzyme and phase II drug metabolizing enzyme production, enhancing the ability of cells to clean up ROS, in order to maintain the redox balance and reduce oxidative damage. The present study demonstrated that high glucose significantly decreased Nrf2 nuclear expression whilst AS-IV notably increased this expression. In addition, high glucose significantly inhibited mRNA expression of Nrf2 and its target genes, HO-1, Keap1 and NQO1, compared with the control group. However, AS-IV notably ameliorated this effect.

L-FABP, a member of the first cloned and purified fatty acid binding protein, is an effective intracellular antioxidant that can scavenge ROS and alleviate oxidative stress ([@b33-etm-0-0-7495]). L-FABP is widespread in the proximal curved renal tubules and has attracted research interest due to its relationship with kidney diseases ([@b14-etm-0-0-7495]). Studies have established the model of L-FABP in transgenic mice to observe the effect of L-FABP on glomerular damage. It was determined that renal tubule L-FABP expression can serve an important role in renal protection by reducing oxidative stress ([@b34-etm-0-0-7495]). The present study demonstrated that high glucose significantly increased L-FABP expression, whilst AS-IV significantly reduced this level. Increased L-FABP expression protected cells from oxidative damage when exposed to high glucose treatment. In a previous study, L-FABP was a downstream gene of the Nrf2/ARE signaling pathway and participated in protecting cells from cold stress ([@b22-etm-0-0-7495]). However, considering the apparent reduction in L-FABP expression following treatment with AS-IV, it may be hypothesized that L-FABP may act independently of AS-IV-mediated Nrf2/ARE signaling pathway when exposed to high glucose. The mechanisms of L-FABP in high glucose against oxidative damage should be further investigated.

In conclusion, the present study provided novel evidence that AS-IV could increase cell viability, and suppress cell apoptosis and oxidative stress. AS-IV notably increased Nrf2 expression which is an important endogenous protective mechanism in response to oxidative stress, indicating that AS-IV decreases high glucose-induced HK-2 cell apoptosis and oxidative stress by regulating the Nrf2/ARE signaling pathway. Furthermore, L-FABP may inhibit glucose-induced HK-2 cell apoptosis and oxidative independently of the AS-IV mediated Nrf2/ARE signaling pathway. Taken together, these results indicated that AS-IV may have a potential role in the treatment of DN.
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![AS-IV significantly enhances cell viability in HK-2 cells induced with HG. (A) The chemical structural of AS-IV. (B) CCK-8 assay was conducted to evaluate cell cytotoxicity following treatment with 10, 20, 40, 60, 80 and 100 µM AS-IV. (C) Cell viability was tested in HK-2 cells induced with HG and treated with 10, 20 and 40 µM AS-IV. ^\#^P\<0.05 vs. control group. \*P\<0.05 vs. HG group. AS-IV, astragaloside IV; HG, high glucose; OD, optical density.](etm-17-06-4409-g00){#f1-etm-0-0-7495}

![AS-IV inhibits apoptosis of HK-2 cells stimulated with HG. (A) TUNEL assay determined apoptosis of HK-2 cells induced with HG and AS-IV. (B) Flow cytometry determined apoptosis of HK-2 cells induced with HG and AS-IV. (C) Western blot analysis determined expression of apoptosis-related proteins caspase-3, caspase-9, Bax and Bcl-2. ^\#^P\<0.05 vs. control group. \*P\<0.05 vs. HG group. AS-IV, astragaloside IV; HG, high glucose; TUNEL, terminal deoxynucleotidyl transferase 2′-deoxyuridine-5′-triphosphate nick-end labeling; Bax, BCL2 associated X protein.](etm-17-06-4409-g01){#f2-etm-0-0-7495}

![AS-IV significantly increases the activities of antioxidant enzymes and suppresses ROS production of HK-2 cells induced with HG. (A) The activities of antioxidant enzymes, SOD, GSH-Px and CAT, were evaluated following treatment with HG and AS-IV. (B) The activity of LPO was observed following treatment with HG and AS-IV. (C) Analysis of ROS production by HK-2 cells using the DCFH-DA assay. (D) Flow cytometry evaluated ROS production by HK-2 cells induced with HG and AS-IV. ^\#^P\<0.05 vs. control group. \*P\<0.05 vs. HG group. AS-IV, astragaloside IV; ROS, reactive oxygen species; HG, high glucose; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase; LPO, lipid peroxide; DCFH-DA, dichlorofluorescein diacetate.](etm-17-06-4409-g02){#f3-etm-0-0-7495}

![AS-IV regulates the Nrf2/ARE signaling pathway in HK-2 cells induced with HG. (A) Western blot analysis tested the Nrf2 nuclear and cytosolic expression. (B) RT-qPCR evaluated the mRNA expression of Nrf2 and its target genes HO-1, Keap1 and NQO1. ^\#^P\<0.05 vs. control group. \*P\<0.05 vs. HG group. AS-IV, astragaloside IV; Nrf2, nuclear factor erythroid 2 like 2; ARE, antioxidant response element; HG, high glucose; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; HO-1, heme oxygenase 1; Keap1, kelch like ECH associated protein 1; NQO1, NAD(P)H quinone dehydrogenase 1.](etm-17-06-4409-g03){#f4-etm-0-0-7495}

![AS-IV inhibits the expression of L-FABP in HK-2 cells induced with HG. Western blot analysis evaluated the protein levels of L-FABP. ^\#^P\<0.05 vs. control group. \*P\<0.05 vs. HG group. AS-IV, astragaloside IV; HG, high glucose; L-FABP, liver-type fatty acid-binding protein.](etm-17-06-4409-g04){#f5-etm-0-0-7495}
